Balance control when standing upright is a complex process requiring input from several partly independent mechanisms such as coordination, feedback and feedforward control, and adaptation. Acute alcohol intoxication from ethanol is recognized as a major contributor to accidental falls requiring medical care. This study aimed to investigate if intoxication at 0.06 and0.10% blood alcohol concentration affected body alignment. Mean angular positions of the head, shoulder, hip, and knee were measured with 3D-motion analysis and compared with the ankle position in 25 healthy adults during standing with or without perturbations, and with eyes open or closed. Alcohol intoxication had significant effects on body alignment during perturbed and unperturbed stance, and on adaptation to perturbations. It induced a significantly more posterior alignment of the knees and shoulders, and a tendency for a more posterior and left deviated head alignment in perturbed stance than when sober. The impact of alcohol intoxication was most apparent on the knee alignment, where availability of visual information deteriorated the adaptation to perturbations. Thus, acute alcohol intoxication resulted in inadequate balance control strategies with increased postural rigidity and impaired adaptation to perturbations. These factors probably contribute to the increased risk of falling when intoxicated with alcohol.
Introduction
Acute alcohol intoxication from ethanol consumption is recognized as a major contributor to many accidental falls causing traumatic injuries, including brain injury, where the severity of the injuries has been found to correlate directly with Blood Alcohol Concentration (BAC) [16, 30] . Maintaining an accurate body alignment with respect to gravity, support surfaces, the visual surround, internal references and external perturbations is one of the key goals in postural control. Standing upright is dependent on the CNS integrating, interpreting, and processing input from vestibular, visual, and somatosensory information and the accurate coordination of movement response strategies to stabilize body alignment during both self-initiated and external perturbations [12] . The specific response strategy selected depends not only on the characteristics of the external postural displacement but also on the individual's expectations, goals and prior experience and cognitive function.
The least energy consuming and most common movement pattern to maintain postural stability in unperturbed and perturbed standing is the usually called the single-link pattern or ankle strategy. Similar movements of all body segments with corrective movements introduced around the ankle joints identify this strategy [9] . When balance control is more challenged this simplified movement strategy is replaced by a multisegmented movement pattern with corrective movements about other joints, such as at the knees or hips [13] . A general strategy used when submitted to substantial balance perturbations, such as vibration perturbations against the calf muscles or when closing the eyes, is to change the positions of the head, shoulders, hip and knees more forward relative to the ankle joint, i.e., to use a new posture that causes realignment of all body segments [9, 25] .
Acute alcohol intoxication affects balance control and the vestibuloocular system in numerous ways [2, 5, 8, 17, 27, 32] . Earlier studies have shown that alcohol intoxication from about 0.07% BAC compromises unperturbed standing balance [23, 31] , whereas perturbed standing balance can be affected from about 0.06% BAC [20, 21, 26, 33] .
We have earlier demonstrated that increasing alcohol intoxication increases the visual field dependence and impairs the perception of the true visual vertical and horizontal [11] , that vision provides a weaker contribution to postural control during alcohol intoxication [22] , and that alcohol intoxication causes increased linear movements of different body segments [20] where knee movements is less correlated with movements of other body parts when visual information is unavailable [26] . Our present hypothesis was that alcohol intoxication would also cause misalignment of the head and other body segments during upright standing. The aim was to study the alignment of different body segments at different blood alcohol concentration levels (0.06% and 0.10% BAC) with kinematic analysis of the head, shoulder, hip, and knee positions in unperturbed and perturbed stance. Furthermore, we wanted to investigate whether alcohol intoxication affected the ability for adaptation and maintaining accurate body alignment during repeated balance perturbations by calf muscle vibration.
Methods
This report is part of a larger study concerning the effects of alcohol on the vestibular, oculo-motor, and postural systems [10, 11, [20] [21] [22] 26] . The test subjects were thoroughly examined with vestibular head impulse tests, headshake and positional nystagmus tests, subjective visual horizontal and vertical tests (SVHV), eye pursuit movements, hearing and visual acuity tests. They were excluded from having a medical or vestibular history of previous vertigo, balance problems, inner ear disease, earlier bacterial meningitis, major CNS-trauma, cardiovascular disease or serious injuries involving their lower extremities and excessive alcohol consumption that could possibly cause balance deficits. Thus the final study group consisted of 25 healthy participants (13 women and 12 men, mean age 25 years) after having excluded two subjects; one for not reaching intended BAC and one due to failing the SVH-V test [11] . The study design was approved by the Ethics Committee of the Medical Faculty, Lund University, Lund, Sweden and was performed in accordance with the latest version of the Helsinki declaration. Written informed consent was obtained from all participants.
Tests were performed once a week for three consecutive weeks at three different blood alcohol concentrations (BAC): 0.0%, 0.06%, and 0.10 %, in a randomized order as described elsewhere and recently published [11, 21, 22, 26] . Thus, the amount of 70% ethanol diluted in elderflower juice depended on gender and weight. After consuming the drink, alcohol concentration was measured every 15 minutes by an Evidenzer breath analyzer (Nanopuls AB, Uppsala, Sweden) until a plateau phase could be identified in the BAC recordings and tests were performed in the descending phase of BACs [26] .
Subjects stood in a relaxed posture on a platform during quiet standing and pseudorandom pulses of calf muscle vibration with eyes closed or open as described elsewhere [9, 15] . Five markers were placed on anatomical landmarks on the right side of the subjects; the 'head' marker was attached to os zygomaticum, the 'Shoulder' marker to tuberculum majus, the 'hip' marker to the crista iliaca, the 'knee' marker to the lateral epicondyle of femur, and the 'ankle' marker to the lateral distal fibula head. Angular positions of the different markers were recorded in anteroposterior, lateral, and vertical directions with a resolution of 0.4 mm with the ultrasound ZebrisTM3D-Motion Tracking system [26] . The mean angular positions were calculated from the respective marker's height and anteroposterior or lateral position using the ankle marker as the zero-position reference with an error of less than 1.5% [9] .
Group mean values for all the marked body segments were obtained for five periods for each trial condition: an unperturbed stance period (0-30 s), and from four 50-second periods of vibration Higher positive values indicated a more forward position in the anteroposterior direction and deviation more to the right in the lateral direction. The combined information from the all the markers illustrate multisegmental alignment of the body during respective test conditions and thus, whether body alignment is changed to meet the plausible increased challenges due to perturbations and alcohol intoxication.
Since the main objective of this study was to describe the effects of alcohol intoxication on the body alignment, the ankle was used as zero point reference for the angle calculation. Each angle value represents one segment in the multi-segmental chain forming the body alignment. Hence, each angle presented illustrates how the positions and angles at each individual joint contribute to the body leaning and how the total alignment is altered from local changes, and thus the potential risk of falling from a realignment change. 
Results
As seen in Table 1 , alcohol intoxication significantly affected the average angular position of the head (both in quiet stance and during balance perturbations) and knees (during balance perturbations) as expressed by the significant 'Alcohol' factor. The availability of visual information had a significant impact on head position both during quiet stance and balance perturbations.
Significant interactions were found for many of the factors. All these interactions included the Direction factor and as expected, the average angular position of all body segments was affected more in the anteroposterior than in the lateral direction as illustrated by the significant 'Direction' factor (p < 0.001). Thus, a second GLM ANOVA was performed separately analyzing average angular positions in the anteroposterior and lateral directions ( Table 2) . No factors had significant interactions according to this analysis.
During balance perturbations, increasing alcohol intoxication significantly affected alignment of the knees (p < 0.001) and shoulders (p = 0.008) to more posterior positions. Alcohol intoxication significantly affected head alignment in the lateral direction (p < 0.005) inducing a more leftward average angular head position. Availability of visual information had a significant impact of the head and shoulder alignment in the anteroposterior direction (Table 2) .
Segmental body alignment when sober When subjects were sober standing unperturbed, the head position was more anterior when standing with eyes closed (EC) compared to with eyes open (EO) (p = 0.032) (Fig. 1) . The onset of perturbations in Period 1 induced more anterior positions of the head (EO and EC), knees (EO), and shoulders (EO) (p < 0.050). The more anterior head, shoulder and knee positions were significantly increased as perturbations continued (p < 0.001). With EC the changes in knee and shoulder positions by the perturbations were less prominent and came later. The perturbations induced smaller changes in the hip position. In the lateral direction no significant changes in body alignment were seen when sober (Fig. 1E) .
Segmental body alignment when intoxicated
As seen in Fig. 1D , alcohol intoxication affected the average angular position of the knees, both with EO and EC. The change to a more posterior knee alignment was most pronounced during perturbations. During perturbations with EO, the knee position was significantly more posterior when intoxicated compared to being sober, both at 0.06% (p < 0.01) and 0.10% BAC (p < 0.0167). With EC and 0.06% BAC, the knee position was significantly more posterior at the onset of perturbations than when being sober (Period 1 p =0.014), but less so as the perturbations continued (Period 2 and 3 p < 0.026). In quiet stance the knees also had tendency (p < 0.05) for a more posterior knee position than when sober, both with EO and EC.
Alcohol intoxication significantly affected alignment of the shoulders (Table 2 ), but not the average angular positions of the hips. With EO the shoulders had a tendency for a more posterior position at 0.10 % BAC than when sober in perturbation period 2 (p < 0.05). Alcohol intoxication affected the average angular position for the head as indicated by 'Alcohol' in the GLM ANOVA (p = 0.019) ( Table  1) . However, the alignment changes were more significant in the lateral than in the anteroposterior direction according to Table 2 (p = 0.005). A tendency for a leftward deviation of head alignment was found with increasing alcohol intoxication (Fig. 1E) . The more leftward head position when intoxicated was more evident during perturbations with EC (Period 3 p = 0.013). According to the post Hoc analysis alcohol intoxication had significant effect on the position of the head in the anteroposterior direction, especially with EO (Fig. 1A) . During perturbations and EC, no significant differences were found for the head alignment in the anteroposterior direction with increasing alcohol levels.
Effect of alcohol intoxication on adaptation to perturbations
With repeated balance perturbations, the position of the head, shoulders and hips (but not knees) was influenced over time as indicated by 'Period' in Tables 1 and 2 . When subjects were intoxicated, just like when they were sober, the initial 50 seconds of vibratory perturbations induced a more forward inclination and they leaned even more forward as the perturbations continued. However, as seen in Fig. 1 , when intoxicated there was a difference in adaptation to the perturbations depending if eyes were open or closed. When intoxicated being perturbed with EO, the average angular position of the knees (and head) never reached the same anterior position as when sober.
Discussion
An adequate strategy enhancing stability when submitted to substantial balance perturbations is to use an increased forward inclination and a more flexible posture [9, 25, 28] . The present results corroborates that, when sober and submitted to substantial balance perturbations and/or when visual information is not available, a new posture with a more forward position of the head, shoulders, hip and knees relative to the ankle joint takes place, i.e. a realignment of all body segments occurs. When intoxicated, however, a significant more posterior alignment of the knees was found. Furthermore, a tendency for a more posterior and left deviated head position and a more posterior shoulder position was noted.
The impact of alcohol intoxication with a more posterior and rigid alignment of body segments was more apparent when visual information was available than when not. These results are in line with the earlier findings of deteriorated ability to maintain balance during eyes-open when intoxicated, revealing an inadequate compensation of the ethanol-induced ataxia by visual stabilization [23, 24] . The current findings also concur with the findings of Modig et al. who concluded that mechanoreceptive sensation is of increased importance for human postural control under alcohol intoxication since the ability to handle balance perturbations when intoxicated is strongly dependent on accurate mechanoreceptive sensation and efficient reweighting [22] . With eyes closed, a reweighting to mechanoreceptors in the foot soles should already have occurred and thus faster adaptation to the random balance perturbations (vibration towards the calf muscles) is to be expected even when intoxicated. The present findings of more prominent changes in balance control strategy when intoxicated and visual information is available (than when not) contradicts some earlier studies concerning the effects of ethanol on postural stability. However, in these studies dynamic or static posturography tests were used and also much higher blood alcohol levels than in the present study [6, 19] .
The change in the verticality of the head position, exhibited by a more posterior and left deviated head position with increasing alcohol intoxication, could suggest impairment in vertical positioning of the head which might be caused by an impairment in the perception of the true vertical and horizontal. This reasoning is supported by the findings that the alcohol-related changes of the head position were more obvious with EC than with EO in the lateral direction. The representation of the perceived visual vertical is based on the integration, interpretation, and processing of vestibular, visual and somatosensory (particularly cervical) input by the CNS. By testing the perceived visual vertical and horizontal, it is possible to study the role of gravitational vestibular cues and indeed, when studying the same subjects, Hafstrom et al. recognized that alcohol intoxication caused increased deviations of the subjective visual vertical and horizontal to the left [11] . Thus, the present findings corroborate that the visual system is particularly affected by alcohol intoxication and plays a major role in maintaining postural stability.
The findings of a more posterior position of the knees during vibration perturbations when intoxicated, foremost when visual information was available but also when not, suggests that compared to being sober, a different body alignment strategy had to be deployed in order to compensate for the destabilizing effects of alcohol. The positioning of more posterior and thus a more rigid alignment of the knee joints with increasing alcohol intoxication might imply reduced possibilities for dorsiflexion at the ankles to compensate for the perturbations since random vibration against the calf generate body movement primarily in an anterior-posterior direction [7] . Thus, reduced knee movements due to knee rigidity should contribute to sagittal plane postural instability. Interestingly, increased knee rigidity has been observed in patients with spino-cerebellar ataxia [18] and several studies have reported that acute alcohol intoxication appears to cause a cerebellar deficit [6, 23] , possibly by blocking cerebellar parallel-fibre long term-depression [4] . Patel et al. looked at the segmental movement pattern for the same subjects as in the present study and showed that when balance was repeatedly perturbed, the normal knee movements became significantly less correlated to other body movements and more independent over time [26] . The more independent knee movements were present when visual information was unavailable and the results were interpreted as alcohol intoxication enforcing the CNS to use a more precautious segmental body movement coordination pattern. One can hypothesize that increased knee movements and a more anterior knee alignment with EC compared to EO while intoxicated, is part of a proficient CNS-strategy to avoid falling. Furthermore, a more anterior knee position ought to be a biomechanical advantage for both the ankle and knee strategy when greater movement around the ankle joint is needed.
In healthy sober subjects repeated balance perturbations usually result in sensorimotor adaptation (motor learning), which may cause sensory re-weighting and altered feedback and feedforward motor control responses [3] . The present results indicate that despite alcohol intoxication an adaptation of body segment alignment to the perturbations was present mimicking sober behavior, with the exception for the knee (and head) alignment with eyes open. With repeated balance perturbations the position of the knees never reached the same more forward position they had when sober. Thus, when intoxicated and visual information was available, impaired adaptation to the perturbations was seen in the anteroposterior direction for knee alignment. With eyes closed, however, there was a delay in the adaptation to the perturbations with a more forward of alignment of the knees. Modig et al investigated the destabilization rates of linear movement variance for the same body segments over time and found an apparent decrease in the adaptation efficiency with increasing BAC in anteroposterior direction [20] . Furthermore, the delay or absence of knee alignment adaptation to the perturbations when intoxicated corroborates earlier findings that alcohol intoxication significantly delay balance responses, thus making balance control difficult when intoxicated [23, 33] . Thus, when the human CNS is submitted to alcohol intoxication, it is apparent that a vast array of functions related to postural control is affected. In an attempt to rate the relative importance of the functional changes we have investigated so far in the perspective of increasing the fall risk [10, 11, [20] [21] [22] 26] , in our opinion, two changes in postural control due to alcohol intoxication pose the largest risks for falls.
The first change is the abrupt decline in the ability to effectively use certain kinds of sensory information. Particularly visual input, possibly in conjunction with disrupted vestibular information, seems to lose substantial capacity to provide reliable postural feedback information, conceivably because alcohol intoxication distorts the oculomotor functions [10] . A key manifestation of losing the sensory robustness of visual information, when intoxicated, is the decreased lateral stability over time to the level where the stability with eyes open matches the one with eyes closed after 4 minutes [21] . Another manifestation of changes in the sensory information reliability was the increasingly larger importance of mechanoreceptive information from the feet over time at high BAC levels [22] .
The second change is the general decline in stability observed over time. Our hypothesis is that attentiveness and heightened awareness to compensate for perturbations may have a substantial beneficial effect to enhance the balance performance and to some extent suppress the effects of alcohol intoxication. However, as shown in an earlier study by Modig et al., the initially elevated attention when submitted to perturbations dropped after about a minute and the relative stability rapidly declined. After 4 minutes the postural performance was several hundred percent worse than during unperturbed conditions, particularly in the lateral direction [20] . Hence, the largest risk for falls from alcohol intoxication, poses, in our opinion, the gradual subtle functional declines that reaches full effects first when the subjects' attention to controlling the body's' stability have subsided.
As shown in the present study, the control of posture alignment appears to be less affected by alcohol intoxication and thus one of the more robust functions in postural control. The body alignment seemingly never changed abruptly, even at 0.1% BAC or when submitted to the initial balance perturbations that evoked large body movements over large movement spans. Instead, in our assessments, the alignment control acted with strategic rationale making changes that given the circumstances enhanced the stability, though the implementations of these changes were slower while intoxicated. When presented in degrees, the changes in body alignments and movement spans rarely exceeded 2 degrees, which may appear as changes of minor clinical significance. However, these changes should be considered in relation to the normal biomechanical stability ranges in upright stance. When presented as the anteroposterior angle between the ankle joint position and the center of mass position, the stability limit for leaning is estimated to be about 4-5 degrees backward and 12 degrees forward [14, 29] . Hence, a body posture realignment or increased movement span of a few degrees may imply that proportionally large parts of the remaining stability marginal have been exploited, and thus, the risk for falling is substantially higher.
The current findings of more posterior alignment of the knees and head during unperturbed stance (but more prominent during perturbed stance) indicates that measuring body alignment is a sensitive method to detect the effects of alcohol intoxication on postural control. When investigating the same subjects as in the present study, the effects of alcohol intoxication on movement coordination patterns of different body segments were negligible in unperturbed standing [26] .
Conclusions
This study uncovered that alcohol intoxication from ethanol has significant effects on segmental body alignment and adaptation to balance perturbations. The effects of alcohol intoxication at 0.06 and 0.10% BAC were more evident during balance perturbations than in quiet standing. The more posterior and rigid knee positioning and the tendency for a more posterior and left deviated head position with increasing alcohol intoxication may be contributing factors to fall trauma in addition to the direct effect of alcohol intoxication. Furthermore, the changes in body alignment in the anteroposterior direction were more pronounced when visual information was available compared to when it was not, indicating an increased visual dependency with increasing levels of alcohol intoxication. Thus, acute al cohol intoxication resulted in inadequate balance control strategies with increased postural rigidity and impaired adaptation to perturbations. These factors probably contribute to the increased risk of falling when intoxicated with alcohol.
